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INTRODUCTION
Birefringence (also called double refraction) is observed when linearly polarized visible light is transmitted through a non-cubic crystal. Recently, crystals of certain compounds have been found to show birefringence of Xrays tuned to an absorption edge of one of the types of atom present in the material [1, 2] . While optical birefringence arises from the global anisotropy of the crystal, X-ray birefringence arises from the locally anisotropic environment of the selected type of atom, and may therefore be used to study the orientational properties of molecules and bonds. X-rays tuned to the Br K edge (13.474 keV [3] ) have been used to examine the orientational properties of the C-Br bonds of brominated organic molecules included as "guests" in thiourea and urea "host" crystals. The earliest studies were performed with narrowly focused X-ray beams, but with the introduction of X-ray Birefringence Imaging (XBI) using bending-magnet beams of large cross section, broad bandwidth and strong linear polarization, spatially resolved mapping of the orientation of the X-ray optic axis in domains within the sample was demonstrated [4, 5] . A setup for XBI with a resolution of 10 μm has been developed and tested at the versatile bending-magnet test beamline B16 at Diamond Light Source. The XBI data yielded many new structural insights about the materials under investigation, but the images are found to be superimposed on an instrumental background. The sources of this background are discussed at length by Sutter et al [6] and are summarized here.
Crystals of urea and thiourea inclusion compounds contain tunnels along their c-axis, within which brominated organic guest molecules may be accommodated (see FIGURE 1) . In general, thiourea inclusion compounds are rhombohedral at ambient temperature and monoclinic below a low-temperature phase transition (although 1-bromoadamantane/thiourea does not exhibit a phase transition). Urea inclusion compounds are usually hexagonal at ambient temperature and orthorhombic below a low-temperature phase transition. The phase transition temperature depends on the type of guest molecule. Absorption of X-rays tuned to the Br K edge is highly sensitive to the orientation of the C-Br bonds because such X-rays excite dipole transitions to p-like antibonding orbitals. As a result, these inclusion compounds show intense linear X-ray dichroism and X-ray birefringence (these phenomena are connected by a Kramers-Kronig relation). The birefringence of most of these materials is uniaxial. For α,ω-dibromoalkane guest molecules in the urea host structure, the C-Br bonds are at 35.3° from tunnel axis.
The experimental setup for XBI is displayed in FIGURE 2. The X-rays from the bending magnet are polarized to a high degree in the horizontal plane. The vertically deflecting double-crystal monochromator is symmetric Si (1 1 1). The beam covers the entire sample, which is mounted on the Huber diffractometer of B16 for accurate angular alignment. In the experiments discussed here, the crystal was oriented so that the c-axis lies in the plane perpendicular to the beam direction. The horizontally deflecting polarization analyzer is either a Si (5 5 5) or a Ge (5 5 5) single crystal. The Bragg reflection is symmetric. At the Br K edge, the Bragg angle θ B of the analyzer is 47.193° or 44.768°, respectively. By deflecting the beam horizontally by an angle 2θ B close to 90°, the analyzer rejects the main horizontal component of polarization of the incident beam. Therefore, in principle, any X-rays transmitted to the area detector (the camera) must have had their polarization rotated by the sample, thus indicating that the sample is birefringent. This method is analogous to polarizing optical microscopy using visible light. Examples of XBI data recorded at B16 are shown in FIGURE 3. Images of the X-rays transmitted through the setup in FIGURE 2 are recorded by the camera as the sample is rotated through χ about the direction of the incident beam. At χ = 0° the c-axis lies in the horizontal plane. The X-ray birefringence is shown by the bright region of the image that becomes strongest at χ = 45°. However, the bright region appears on a background of complex shape consisting of a tilted stripe with a dark band cutting horizontally through the middle. This is clearly not part of the data from the sample and must be understood in greater detail if the experimental data are to be interpreted correctly.
(a) (b) (c) The XBI setup used at Diamond falls short of the ideal in three ways. First, the X-rays produced by bending magnet sources are linearly horizontally polarized only in the plane of the electron orbit. Above and below this plane, the X-rays are elliptically polarized to a degree that depends on the electron energy (3 GeV), the bending radius (6.981 m) and the vertical angle [7] . Detailed ray traces applying the software package SHADOW [8] to an accurate model of the electron beam in the Diamond storage ring show that the horizontally polarized intensity has a single peak centred at zero vertical angle with a vertical FWHM of 200 μrad, while the vertically polarized intensity has two peaks at vertical angles ±100 μrad and falls to zero at zero vertical angle as expected. Second, the photon energy matching the selected absorption edge generally cannot be diffracted through a deflection angle of exactly 90° by any Bragg reflection of the crystal analyzer. Therefore, even the analyzer Bragg reflection that comes closest will not completely suppress the horizontal polarization. Detailed calculations of the intensity diffracted by the analyzer have been made using dynamical diffraction theory [9] . If θ 1 and θ 2 are, respectively, the Bragg angles of the monochromator and the analyzer, and if k 0 is the wave vector at which the Bragg condition is fulfilled at θ 1 and θ 2 , then parameters A 1 and A 2 describing the deviation from the Bragg condition of a ray with wave number k incident on the monochromator at grazing angle θ i1 or on the analyzer at grazing angle θ i2 can be defined [10] as
The rocking curves of the Bragg reflections differ depending on whether the incident X-rays are polarized perpendicular to the plane of the incident and diffracted beams (s-polarization) or parallel to that plane (ppolarization). Ideally the p rocking curve of the analyzer would be zero, but in reality it must be accurately calculated for a full understanding of the background. Therefore R H1s (A 1 ) and R H1p (A 1 ), the s and p rocking curves of the monochromator, and R H2s (A 2 ) and R H2p (A 2 ), the s and p rocking curves of the analyzer, have been calculated. Third, because the Bragg angle depends on the photon energy, the diffracted beam from the monochromator has an angular dispersion of photon energy in the vertical direction, and in turn the analyzer imposes an angular dependence in the horizontal direction on the photon energies that it diffracts. If a given ray from the bending magnet is defined by its horizontal angle α, vertical angle β and wave number k 0 + δk, then on a 3-dimensional plot with α, β and δk axes the subset of rays that reach the camera is represented by a thin volume enclosing a line that is
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not parallel to any of these axes. We note that ray traces that sample rays within a rectangular region with edges parallel to these axes are therefore inefficient. The orientation of the line is given by β = α(tanθ 1 /tanθ 2 ) and δk/k = -β cot θ 1 = -α cot θ 2 . To determine the instrumental background on the camera, the bending magnet X-ray intensity in the horizontal and vertical directions is multiplied by the appropriate rocking curves. The product is integrated over all rays with the same α and β that are transmitted by both the monochromator and the analyzer. Theoretical calculations and experimental measurements, shown in FIGURE 4, are clearly in good agreement.
(a) (b) (c) (d) X-ray Birefringence Imaging has thus been demonstrated at the versatile test beamline B16 at Diamond Light Source, and has been shown to allow mapping of the local orientational properties of specified molecules and/or bonds in anisotropic materials. The instrumental background is considerable and is difficult to model with standard ray sampling, but nevertheless it can be readily explained, as discussed above.
